Measurement of the muon charge asymmetry in pp → W + X → µν + X events at √ s = 1.96 TeV
We present a measurement of the muon charge asymmetry from the decay of the W boson via W → µν using 7.3 fb −1 of integrated luminosity collected with the D0 detector at the Fermilab Tevatron Collider at √ s = 1.96 TeV. The muon charge asymmetry is presented in two kinematic regions in muon transverse momentum and event missing transverse energy: (p µ T > 25 GeV, E / T > 25 GeV) and (p µ T > 35 GeV, E / T > 35 GeV). The measured asymmetries are compared with theory predictions made using three parton distribution function sets. The predictions do not describe the data well for p µ T > 35 GeV, E / T > 35 GeV, and larger values of muon pseudorapidity.
PACS numbers: 13.38.Be, 13 .85.Qk,14.60.Ef, 14.70.Fm A measurement of the muon charge asymmetry from the decays of W ± bosons produced in pp collisions provides information that constrains the parton distribution functions (PDFs) of the u and d quarks in the proton. At the Fermilab Tevatron Collider, W + (W − ) bosons are primarily produced by interactions between valence u (d) quarks in the proton and valence d (u) antiquarks in the antiproton. On average, u quarks carry more of the proton momentum than d quarks [1] . Therefore, W + bosons tend to be produced with momenta along the direction of the proton, while W − bosons tend to be produced with momenta along the direction of the antiproton. The W boson asymmetry is defined as
where dσ/dy(W ± ) is the differential cross section for pp → W ± + X, and y is the W boson rapidity. Assuming an SU(3) symmetric quark-antiquark sea, that the quark PDFs in the proton are equal to the antiquark PDFs in the antiproton, and that valence quark interactions are * with visitors from a Augustana College, Sioux Falls, SD, USA, the dominant source of W boson production,
where u(x) and d(x) are the PDFs for the up and down quarks, and x 1 and x 2 are the momentum fractions carried by the interacting quarks in the proton and the antiproton, respectively. At leading order, the quark momentum fractions and the W boson rapidity are related by
where M W is the W boson mass. In the W → µν process, the muon charge asymmetry is a convolution of the W boson production asymmetry with the asymmetry from the V-A decay of the W boson. At higher lepton p T , the V-A contribution is smaller, so that the muon charge asymmetry is larger and closer to the W boson asymmetry; at higher muon rapidity, the V-A contribution is larger, and the muon asymmetry is significantly smaller than the W boson asymmetry. Since the V-A interaction is well understood, the muon charge asymmetry can be used to probe the u and d quark PDFs.
The lepton charge asymmetry in the decay of W bosons produced in pp collisions has been measured by both the CDF [2] [3] [4] and D0 [5, 6] Collaborations. The most recent lepton charge asymmetry measurement from the D0 Collaboration was done in the electron channel using 0.75 fb −1 of integrated luminosity. The CDF Collaboration performed a direct measurement of the W boson production asymmetry using 1 fb −1 of integrated luminosity [7] . The lepton charge asymmetry in pp collisions, where W boson production involves antiquarks from the proton sea, was measured by the ATLAS [8] and CMS [9] Collaborations at the LHC using integrated luminosities of 31 pb −1 and 36 pb −1 , respectively. Here, we present a measurement of the muon charge asymmetry using 7.3 fb −1 of pp data at √ s = 1.96 TeV. This measurement supersedes our previous result in the muon channel [5] and provides constraints on the ratio of the u and d quark PDFs in the region 0.005
, where Q is the momentum transfer. In this analysis, the muon charge asymmetry is measured as a function of muon pseudorapidity η µ where η = − ln[tan(θ/2)], and θ is the polar angle with respect to the proton beam direction. In the massless limit, η is equal to the rapidity. The muon charge asymmetry is defined as
where dσ/dη(µ ± ) is the differential cross section for pp → W ± → µ ± ν + X. The D0 detector consists of a central tracking system, a calorimeter, and a muon system. The central tracking system contains a silicon microstrip tracker (SMT) and a central fiber tracker (CFT) and is located within a 1.9 T superconducting solenoidal magnet. The maximum coverage in |η det | for the SMT is 3.0; it is 2.5 for the CFT, where |η det | is the pseudorapidity measured from the center of the detector. The liquid-argon and uranium calorimeter has a central section covering |η det | < 1.1 and two end caps extending the coverage to |η det | ≈ 4.2. The muon system consists primarily of three layers of scintillation trigger counters and tracking detectors: one layer before a 1.8 T magnetized iron toroid and two layers outside the magnet; coverage extends to |η det | ≈ 2.0. A detailed description of the D0 detector is given in Refs. [10, 11] ; muon reconstruction and identification are described in Ref. [12] .
We use two data samples: the full Run IIa (2002 -2006) data set with 1.0 fb −1 of integrated luminosity and 6.3 fb −1 of integrated luminosity [13] collected during Run IIb (2006 -2010) . Both integrated luminosities are after application of the relevant data quality requirements. The two data samples are analyzed independently because of changes in the detector configuration and the increased instantaneous luminosity during Run IIb. Candidate events are selected using a set of single-muon triggers that require the muon transverse momentum p µ T to be at least 10 GeV. The widest |η det | coverage of the single-muon triggers for Run IIa (Run IIb) data is 2.0 (1.6). Events are selected offline by requiring the pp collision vertex to have at least two tracks and to be located within 60 cm of the center of the detector along the beam direction. Muon candidates are required to lie within the acceptance of the detector and to be spatially matched to a track in the central tracking system with p µ T > 25 GeV. The distance along the beam direction between the matched muon track and the pp vertex must be less than 2 cm. Muons are required to be isolated from other energy depositions. The total transverse momentum of the tracks in a cone of radius ∆R = (∆η) 2 + (∆φ) 2 = 0.5 around the matched central track must be less than 2.5 GeV, where φ is the azimuthal angle, and the p T of the central track is excluded. The total transverse energy measured in the calorimeter in a hollow cone of inner radius 0.1 and outer radius 0.5 around the muon must be less than 2.5 GeV. The muons must be separated from any jet [14] with transverse energy E jet T > 15 GeV by a distance ∆R > 0.5. In general, the longitudinal momenta of neutrinos cannot be measured at a hadron collider. The neutrino transverse energy is inferred from the missing transverse energy E / T , which is the negative vector sum of the transverse energy deposited in the calorimeter and the muon transverse momentum. Selected events must have E / T > 25 GeV and transverse mass M T > 50 GeV, where 
where g is the muon charge misidentification probability, k = ε + /ε − is the relative efficiency for positive and negative muons, and N + (N − ) is the number of positive (negative) muon events corrected for backgrounds and integrated luminosity, as described below. The Run IIa and Run IIb data samples have different acceptances and detector efficiencies, therefore, each (p µ T ,E / T ,η µ ,Run) region is treated independently. All average values given below are over both data samples in the (p
Misidentification of the muon charge dilutes the muon charge asymmetry. We measure the probability that the muon charge is determined incorrectly using a tag-andprobe method and Z → µµ events. We require one muon, the tag, to satisfy the selection criteria used for the signal, while the second muon, the probe, must satisfy looser requirements. The dimuon mass is required to be above 50 GeV. The probe is then tested against the selection requirement in question, and the ratio of the number of passing probes to the number of total probes is the efficiency of the selection requirement. The charge misidentification probability is the ratio of the number of tag-probe events in which the two muons have the same charge to the total number of events. Uncertainty due to background in the Z → µµ sample is taken into account. The average muon charge misidentification probability is g = (0.06 ± 0.01)% for |η µ | < 2. In the D0 detector, the directions of the magnetic fields in the solenoidal and toroidal magnets are reversed regularly to reduce any asymmetry due to the detector. However, the portions of data in each polarity combination are not identical. Approximately 50.2% (49.1%) of the data was collected with one solenoid (toroid) polarity and 49.8% (50.9%) with the opposite polarity. Therefore, any residual charge asymmetry from the tracking system where p µ T is measured will affect the muon charge asymmetry measurement. To correct for any charge asymmetry due to the detector, we weight the data so that all four polarity combinations have the same integrated luminosity. The systematic uncertainty due to the magnet polarity weighting is determined from the uncertainty on the luminosity measurement excluding the uncertainty on the total inelastic cross section.
In principle, the acceptances and efficiencies are independent of muon charge since the directions of the magnetic fields in the solenoidal magnet and the magnetized iron are reversed frequently. However, although the overall p µ T distributions for positive and negative muons are identical for W boson decay, the p µ T distributions for positive and negative muons are not identical for a given η µ region, especially at high |η µ |. Since the muon identification efficiency depends on p µ T , a relative efficiency correction must be included. The muon reconstruction efficiency, the tracking efficiency, the isolation efficiency, and the trigger efficiency as functions of η µ , p µ T , and instantaneous luminosity are found using the dimuon data set and the tag-and-probe method. The isolation efficiency is also found as a function of ∆R between the muon and the nearest jet and as a function of the η det position of the muon within the CFT. On average, the muon reconstruction efficiency is (74 ± 1)%. The average tracking efficiency is (90 ± 1)%. The average isolation efficiency is (86 ± 4)%, and the average trigger efficiency is (66 ± 1)%. The product of the four efficiencies defines the overall muon efficiency with an average of (38 ± 2)%. The overall efficiency is used to determine k, which ranges from 1.00 for 0.0 < |η µ | < 0.2 to 1.01 for 1.8 < |η µ | < 2.0. The main background in the analysis is from electroweak processes: Z → µµ where one muon is not reconstructed and W → τ ν and Z → τ τ where a tau lepton decays to a muon. The electroweak background is estimated using Monte Carlo (MC) samples generated with pythia [15] , processed with a detailed simulation of the D0 detector based on geant [16] , and reconstructed using the same reconstruction code as used for the data. The fractions of each background source in the W → µν candidate samples are (5.5 ± 0.4)% for Z → µµ, (1.6 ± 0.1)% for W → τ ν, and (0.09 ± 0.01)% for Z → τ τ for (p µ T > 25 GeV, E / T > 25 GeV). The background from misidentified multijet events is estimated by fitting the M T distribution of the W boson candidates with the sum of signal and background shapes. The signal shape is obtained from the same MC simulation as used for the electroweak background. The shape of the multijet background is derived using muon events that fail the isolation criteria under the assumption that the M T shapes are the same for isolated and non-isolated events. The fit is performed for 50 < M T < 100 GeV. To determine the systematic uncertainty on the multijet background, we vary the fit range, the M T bin width, and the isolation selection criteria. The largest change in the multijet background is 30%, which we choose as the systematic uncertainty. The multijet background is also estimated using several other methods; all give consistent results within similarly large uncertainties. The multijet background is estimated to be (3.2 ± 0.9)% of the W boson candidate samples. The M T distribution of the selected events is compared with the sum of the background and signal MC events in Fig. 1 . The muon charge asymmetry is also corrected for the muon momentum and E / T resolutions. This correction is estimated using MC events generated with resbos+photos [17, 18] with CTEQ6.6 PDFs [19] and passed through pythia for parton showering. The muon momentum and the recoil are then smeared to have the same resolutions as in data [20] . The difference between the asymmetry at the generator level and the asymmetry from the reconstructed MC events (using the same kinematic criteria) is applied to the data to correct for resolution effects. The shift in the measured asymmetry ranges from nearly zero at η µ ≈ 0 to about 12% of the asymmetry in the largest |η µ | region analyzed. A systematic uncertainty due to modeling is included as the difference in the generator-level asymmetries from resbos+photos and powheg [21] with CT10 PDFs [22] .
The systematic uncertainty on the muon charge asymmetry is determined from the total uncertainties on the backgrounds, the charge misidentification probability, the relative efficiency for positive and negative muons, the magnet polarity weighting, and the momentum/E / T resolution correction. A contribution due to varying trigger isolation conditions is also included. The dominant source of systematic uncertainty is from the momentum/E / T resolution correction.
The muon charge asymmetry is expected to be invariant under CP transformation, and our asymmetry results for η µ < 0 are consistent with those for η µ > 0. Therefore, we fold the data such that −A µ (−η µ ) = A µ (η µ ) (CP-folding) to decrease the statistical uncertainty. The data are CP-folded at the level of the numbers of positive and negative muon events, and all backgrounds, corrections, and uncertainties are remeasured. Results from Run IIa and Run IIb are also found to be consistent and, after CP-folding, combined using the BLUE method [23] . Figure 2 shows the measured muon charge asymmetry with 7.3 fb −1 of integrated luminosity for the two kinematic regions and theory predictions with the CTEQ6.6, CT10, and MSTW2008 [24] PDF sets. The theory prediction with the CTEQ6.6 PDFs is generated by resbos+photos, and the predictions with the CT10 and MSTW2008 PDFs are generated by powheg. Both generators are next-to-leading order perturbative QCD calculations interfaced with pythia for parton showering. The theory curves are determined by imposing the (p µ T ,E / T ) selection criteria at the generator level. The uncertainty is derived from the CTEQ6.6 uncertainty sets [25] .
At lower lepton p T , the lepton charge asymmetry is strongly influenced by the V-A decay of the W boson. At large lepton p T , the lepton charge asymmetry is closer to the W boson production asymmetry, leading to the different shapes of Figs. 2(a) and 2(b) . The data at p µ T > 35 GeV, E / T > 35 GeV, and larger values of η µ favor an increased d(x)/u(x) ratio at higher values of x than is predicted, as did the earlier D0 W → eν asymmetry measurement [6] . The measured values and the resbos+photos CTEQ6.6 predictions for both kinematic regions are summarized in Table I . Contributions of the individual systematic uncertainties are shown in Table II .
In conclusion, we have measured the muon charge asymmetry from pp → W → µν + X using 7.3 fb −1 of integrated luminosity collected with the D0 detector at √ s = 1.96 TeV. The measured asymmetry is compared with theory predictions generated by resbos+photos with the CTEQ6.6 PDF set and by powheg with the CT10 and MSTW2008 PDF sets. The total experimental uncertainties are smaller than the PDF uncertainties in most η µ regions, so our asymmetry measurement provides additional constraints on the PDFs. This measurement is a significant improvement on the previous D0 result in this channel and provides the most precise measurement of the W boson lepton asymmetry from the Tevatron for lepton pseudorapidities |η ℓ | 1.8. 
